Introduction {#S1}
============

Asthma is a chronic pulmonary inflammatory disease wherein the innate and adaptive immune systems cooperate with epithelial cells to cause airway hyperresponsiveness (AHR), mucus overproduction, airway wall remodeling, and bronchoconstriction. Clinically, it is characterized by recurrent episodes of wheezing, breathlessness, and chest tightness. It affects more than 10% of the population in many westernized countries and more than 300 million people worldwide ([@B1]). It has a great impact in childhood and is the leading cause of school absenteeism in the United States, causing approximately 50% of children to miss at least one school day yearly ([@B1]).

Asthma is seen as an allergic disease; this assertion, although well documented, is probably an oversimplification. In fact, up to the last decade, our view of asthma as a single disease was likely oversimplified. Although main characteristics of asthma are airflow obstruction, bronchial hyperresponsiveness, and underlying inflammation, it is rare that all these characteristics can be found in all patients of large cohorts. Asthma recently started to be recognized as a "syndrome," a complex condition with variability in its pathophysiology, severity, natural history, comorbidities, and treatment response ([@B2]). Therefore, an important question in the last decade is whether asthma is a single disease with a variable presentation, or several "linked" diseases that share salient clinical features ([@B3], [@B4]). It is now becoming clear that the latter is probably true and that the diagnostic label "asthma" likely encompasses many different disease variants (phenotypes) with different etiologies and underlying pathophysiological mechanisms.

It is this complexity of asthma that makes it difficult to discern its link with allergy (atopy). These are indeed two intertwined conditions and are closely associated in the minds of most clinicians. However, several asthma subtypes may in fact have little to do with atopy. This is where the narrative about the asthma endotypes and phenotypes, and our need to move into a new era of personalized medicine, comes into place. About a decade ago, the word "phenotype" entered the field of asthma research and management ([@B2]). In scientific language, the word "phenotype" refers to "the observable properties that an organism displays in the context of a certain disease, which are caused by the interactions of the organisms genotype with the environment." In simpler terms, a particular phenotype (and in this case an asthma phenotype) is defined and told apart from the other asthma phenotypes by its prominent/unique clinical characteristics ([@B5]). Once the discussion about the phenotypes was afoot, it became glaringly obvious that these subtypes of asthma were often underpinned by discreet pathophysiological processes, giving rise to the concept of "endotypes" and increasing asthma complexity. Hence, the term "endotype" defines a specific biological pathway that underpins the clinical observations, which constitute a phenotype ([@B2], [@B6]).

When one looks from this perspective, it is easy to see the reasons for the difficulty to clarify the link of allergy/atopy to asthma; not least important of these reasons being that asthma may in fact include several different clinical conditions underpinned by several different pathophysiological processes. In this review, we will try to look into this asthma/atopy relationship from the perspective of the complex multifaceted disorder, that is asthma, and will attempt to individually link some of its subparts with atopy (Figure [1](#F1){ref-type="fig"}). This is, however, unlikely to give us a clear picture of the relationship of asthma with allergy; in our opinion, this relationship is oversimplified and is therefore likely to be wrong as was our view of an oversimplified asthma disease for many decades now.

![**Attempting to untangle the asthma--allergy associations**. There are more than the allergy "eggs" in the asthma "basket."](fped-05-00092-g001){#F1}

Asthma Endotypes and Allergy {#S2}
============================

The expression "endotype" refers to "an asthma subtype defined by a distinct functional or pathophysiological mechanism" ([@B2]), it is a widely used and discussed term, and little consensus exists about endotype numbers and characteristics. Currently, standardized diagnostic/management approaches based on endotypes are being sought ([@B2]), and some are being used in the clinical setting (e.g., omalizumab for IgE-high allergic asthma), but the majority of asthma cases are still being treated with the one-size-fits-all management, which was established decades ago.

Th2 Endotype {#S2-1}
------------

This is one of the widest and probably the best-defined asthma endotypes thus far. It is characterized by a type 2 immune response that involves Th2 cells, B cells, basophils, eosinophils, mast cells, major cytokines secreted from immune cells \[interleukin (IL)-4, IL-5, IL-9, and IL-13\], and others secreted from epithelial cells (IL-25, IL-31, IL-33, and TSLP) ([@B7]). This is the endotype underpinning allergic asthma and is strongly linked to atopy, IgE production, and eosinophilic inflammation ([@B8]). This is arguably one of the most important endotypes in childhood, as it is closely associated with the early-onset asthma (EoA) phenotype that usually starts during childhood and early adolescence. This phenotype, described in detail in the next paragraphs, consists of several other subphenotypes, has a high prevalence, and often persists into adulthood. This endotype is indeed prevalent in adulthood, seeing that about 50% of *mild* asthmatics have an endotype that is associated with eosinophilia, mast cell activation, development of allergen-specific IgE, and Th2 cytokine production ([@B9]). Several subendotypes might exist within this endotype, such as the IL-5-high, IL-13-high, or IgE-high ([@B10]).

Given this endotype's dependence on Th2 cytokines, it is unsurprising that it responds to therapies targeting IL-4 and IL-13, particularly in allergen-challenge models ([@B8], [@B11], [@B12]). Indeed, IL-4/13 blockade is most efficacious in patients with Th2-related asthma, especially with peripheral eosinophilia ([@B13]--[@B15]). Anti-IL-5 treatment in some patients has been associated with lower frequency of acute asthma, a steroid-sparing effect, and improved lung function ([@B16]--[@B18]). Regulators of Th2-type cytokines (such as IL-25, IL-33, and TSLP) and inhibitors of TSLP are gaining ground ([@B19]). However, one must recognize that a major pathogenic pathway such as the Th2 endotype is complex and heterogeneous, with several determinants that have non-linear dynamic interactions ([@B10], [@B20]). Therefore, currently, there is only one routinely used biologic therapy for Th2 asthma, omalizumab, an anti-IgE molecule; In any case, this further documents the close link of this endotype with allergy ([@B19]). There is now considerable experience with this drug, which works best in atopic patients with severe, inadequately controlled disease ([@B21]).

Non-Th2 Endotype {#S2-2}
----------------

Approximately half of asthmatic patients have Th2-no/Th2-low endotype ([@B15]), yet much less is known about this heterogeneous group. Some agents of interest are the cytokines IL-17, IL-1b, TNF-a ([@B22]), and a chemokine receptor (CXCR2), which are associated with neutrophilic inflammation ([@B10]). From the clinical point of view, these patients show less airway obstruction and hyperreactivity than Th2-high asthmatics. Importantly, these are generally non-atopic-patients, and there is little to no evidence of allergy in childhood or beyond ([@B23]).

Two major mechanisms leading to non-type 2 asthma have been postulated: (i) activation of the IL-17-dependent pathway and (ii) innate immune response dysregulation bringing about neutrophil inflammation ([@B20]).

Th17 Endotype {#S2-3}
-------------

Th17 cells are characterized by the production of IL-17A, IL-17F, and IL-22. They develop in response to transforming growth factor-b and IL-6 production and are dependent on the expression of transcription factor RORgt. Accumulating evidence suggests a role for TH17 cells in asthma, especially severe steroid-resistant asthma. Increased IL-17A+ cells can be found in lung biopsies of patients with severe asthma compared to those with mild ([@B24]). In both adults and children, serum IL-17A is significantly higher in severe asthmatics compared to mild ones ([@B25]), and it has been linked to remodeling and AHR. This asthma endotype has little relation with atopy.

Neutrophil Endotype {#S2-4}
-------------------

Neutrophil inflammation is well established in mouse models of asthma, where it has been linked to the development of airway hyperresponsiveness (AHR) and remodeling. In an experimental model of Th1/neutrophil-predominant asthma, TNF-a reduced the responsiveness to steroids, whereas its neutralization restored steroid responsiveness ([@B26]). In humans, patients with non-allergic asthma demonstrated considerable neutrophil inflammation induced by IL-17-shifted pro-inflammatory immune reactions ([@B7]). A role for a dysregulated innate immune response in neutrophilic asthma has been proposed; this is characterized by altered gene expression of toll-like receptors, and increased expression of genes linked to IL-1b and TNF-a/nuclear factor-kB ([@B27]). Enhanced neutrophil chemotaxis/survival in the airways and impairment of anti-inflammatory mechanisms could further underlie this endotype. Obviously, there is little room for an important atopy component in this endotype.

Mixed Th2/Th17 Endotype {#S2-5}
-----------------------

There exists a mixed Th17/Th2 endotype in asthma, as Th2 cells can differentiate into dual-positive Th2/Th17 cells ([@B28]). These cells were identified in the bronchoalveolar fluid of asthmatic patients ([@B29]).

The relationship between the Th17 and Th2 responses is highly complex. IL-17 produced in response to injured epithelium could enhance the production of IL-4 and IL-13 from Th2 cells ([@B7]). Conversely, IL-4 and IL-13 may amplify Th17 responses by upregulating CD209a expression on dendritic cells ([@B7]). In any event, this mixed endotype has seen little research, and although it is likely associated with allergy, this remains to be elucidated.

Asthma Phenotypes and Allergy {#S3}
=============================

Early-Onset Asthma {#S3-1}
------------------

The early asthma phenotype is prone to eczema development in early childhood ([@B30]). Eczema implies that this phenotype is mostly Th2 driven. A Th2 association in EoA is described ([@B31], [@B32]), but cases with low IgE and limited response to inhaled steroids suggest that there are forms of EoA not related to Th2, exemplified by virus-induced wheeze ([@B33]).

Early-onset asthma can be classified into several subphenotypes with varying association to atopy. The Tucson population-based birth cohort study retrospectively subclassified preschool wheeze into three groups: "transient wheeze," "early persistent wheeze," and "late-onset asthma" ([@B34]). Transient wheeze is thought to be caused by viral infections. Viral and allergy mechanisms could also cooperate to orchestrate the development of both transient wheeze and future allergic asthma ([@B35]). Early infection with respiratory syncytial virus has been found to increase the susceptibility to allergic asthma *via* the IL-4 receptor pathway ([@B36]). Another subphenotype is "early-onset allergic asthma" (represented in the Tucson study by "early persistent wheeze"), the classic form of persistent asthma that has a childhood onset and bares allergic features, including allergen sensitization and allergic rhinitis. Airway eosinophilia is common in early-onset allergic asthma, and a TH2-dominant inflammatory process is believed to underlie it. Allergy involvement is vital as inhalation of a specific allergen triggers bronchoconstriction and inflammatory cell influx. The efficacy of omalizumab, and the studies on IL-4/IL-13 modifiers, implies a central role of IgE and TH2 cells/cytokines in this subphenotype ([@B2]).

Other subphenotypes of this variant have also been recognized. Four subtypes have been identified by unsupervised cluster analyses on 161 subjects in the pediatric asthmatic cohort from the Severe Asthma Research Program (SARP) ([@B37]). Cluster 1 consists mainly of mild, later onset, and less atopic asthma with normal lung function. The other clusters represent the early-onset, atopic asthma subphenotype, with, however, variable severity and lung function. These clusters were similar to the ones seen in the adult SARP analyses ([@B11], [@B38]), where the subphenotype of "early-onset, atopic asthma" represented the majority of cases reported. Other cases included "obesity-induced asthma" and "late-onset (adult) non-atopic asthma" of varying subphenotypes.

Other well-known phenotyping attempts include The Avon Longitudinal Study of Parents and Children, which collected data on wheeze at multiple time points from birth to age 7 years, for 6,265 UK children ([@B39]). A distinct new phenotype was identified, "intermediate onset wheeze" (onset at 4--6 years of age), which showed the strongest associations with atopy. Late-onset wheeze was also strongly associated with cat, house dust mite, and grass pollen sensitization. "Early-onset atopic asthma" (which in this cohort was likely represented by the "persistent wheeze" cases) had an onset of 6--18 months of age and was also strongly associated with atopy ([@B39]). These findings regarding the wheeze subphenotypes and their relation with atopy were similar to those from analyses of the Dutch Prevention and Incidence of Asthma and Mite Allergy study, a multicenter birth cohort that enrolled 4,146 pregnant women ([@B40]). Other findings from a population-based longitudinal cohort that enrolled 1,650 preschool children in the UK were largely similar although the authors failed to detect an "intermediate onset wheeze" subset and noted a "non-atopic, persistent wheeze" subset ([@B41]). This subset was also detected in an independent population-based cohort by the same authors (validation cohort) ([@B42]) and could partly represent the "late-onset wheeze" subset reported in the other studies.

Early transient wheeze is largely underpinned by the virus-induced asthma phenotype. Virus-induced asthma is a very common phenotype in children, and it has been very well described as the "September epidemic" ([@B43]). Although "virus-induced asthma" is---as the name of the sub-phenotype indicates---"transient," virus infections can also alter the course of preexisting asthma or can modify the immune system, hence increasing susceptibility to allergen sensitization and/or asthma in childhood ([@B44]). Indeed, wheezy episodes associated with rhinovirus are a strong predictor of asthma ([@B45]). This is another testament to the close association of the pediatric asthma subphenotypes with allergy, as even this variant, which is mainly induced by viruses, can be affected by individual atopic status.

Adult-Onset (Severe) Hypereosinophilic Asthma {#S3-2}
---------------------------------------------

Adult-onset asthma with highly elevated numbers of eosinophils is associated with Th2 cytokines and Th2 inflammatory cells like eosinophils, mast cells, and basophils. Eosinophil numbers between 150 and 300 eosinophils per milliliter have been used in asthma trials to define hypereosinophilic asthma, but full consensus is still lacking. The patients often show severe reactions after cyclooxygenase inhibitor intake. However, regardless of the eosinophil basis, the link of this phenotype with the Th2 endotype is not clear ([@B46]). This is another poorly defined phenotype as there is a group of individuals who demonstrate strong eosinophilic inflammation but a paucity of symptoms ([@B47]). Compared to early-onset Th2 asthma, adult-onset asthma is characterized by the presence of raised eotaxine-2/CCL24 levels; eotaxine-2/CCL24 is a potent proeosinophilic chemokine, which might be the cause of the raised eosinophil count ([@B48]). The link of this phenotype with atopy is not clear, but given the eosinophil component, one can assume that some association may exist. Such a link is also supported by the responsiveness of patients with hypereosinophilic, adult-onset asthma to IL-5-targeted therapies ([@B16]).

Late-Onset Non-allergic Asthma of the Elderly {#S3-3}
---------------------------------------------

Asthma in the elderly, above the age of 65, is another phenotype ([@B49]). Elderly patients with asthma tend to be more symptomatic, with more pronounced airway obstruction, frequent hospital admissions, and a significantly higher mortality ([@B50]). They also have frequent comorbidities, which contribute to the severity of the disease. While asthma is prevalent in these ages \[6.9% of people above the age of 65 in USA ([@B51])\], it is significantly underdiagnosed. This phenotype can be divided into persistent asthma that started early in life and newly diagnosed asthma. Neutrophilic airway inflammation is more prevalent among elderly patients, while atopy and elevated IgE levels are less frequent, but this largely depends on the "new-onset *vs* persistent asthma from a younger age" distinction.

Obesity-Related Asthma {#S3-4}
----------------------

Another no-/low-Th2 endotype has been identified in obese asthmatics ([@B52]). Obesity-induced asthma is characterized by lack of atopy, female predominance, and late onset ([@B53]). It is generally more severe and harder to control as it is less responsive to standard controller therapies. Also, large observational studies have demonstrated that obesity is associated with wheezing even in non-asthmatic individuals ([@B54]). Asthma is significantly overdiagnosed in these patients, who do not gain benefit from anti-inflammatory asthma treatment. Non-asthma wheezing has complicated research into the obesity-related phenotype, and it still remains to be elucidated whether this phenotype is underpinned by several endotypes or a single endotype with defined inflammatory pathways. In any case, atopy probably has little involvement here.

Non-Eosinophilic Asthma {#S3-5}
-----------------------

Non-eosinophilic asthma is a well-documented and prevalent asthma phenotype, as approximately half of asthma patients have no evidence of eosinophilic inflammation ([@B55]). Neutrophilic inflammation has been identified in several studies as a hallmark of this variant (e.g., the SARP cohort). Furthermore, non-eosinophilic asthma is associated with innate immune dysfunction and increased expression of several biomarkers, including neutrophil elastase, TLR2 and 4, IL-1β, IL-8, MMP-9, and TNF-a ([@B56]). As expected, the response of non-eosinophilic asthma to inhaled corticosteroids is weak, and its management can be challenging. No consensus exists about the neutrophil cell count threshold that could define neutrophilic asthma. A relationship of this phenotype with smoking is discussed. It is unlikely that this phenotype is strongly connected to atopy ([@B57]).

Smoking-Associated Asthma {#S3-6}
-------------------------

In a recent cluster analysis, the phenotype of smoking-related asthma was described ([@B51]). This group consisted of mainly male adults (66%) who are non-atopic. They had preserved postbronchodilation spirometry but more pronounced respiratory symptoms. Cigarette smoking is a well-known aggravating factor of asthma symptoms and associated burden. Most likely, coexistence of early changes of chronic obstructive pulmonary disease (COPD) also contributes to the clinical presentation of this phenotype, as it has been demonstrated that clinical symptomatology of COPD could precede significant pulmonary function decline. Therefore, this phenotype probably corresponds to asthma-COPD overlap syndrome.

Allergic Bronchopulmonary Aspergillosis (ABPA) {#S3-7}
----------------------------------------------

Allergic bronchopulmonary aspergillosis is a well-described hypersensitivity condition following colonization of the airways by *Aspergillus fumigatus*. This asthma endotype is characterized by a mixed pattern of neutrophilic and eosinophilic airway inflammation, elevated *Aspergillus*-specific IgE and IgG ([@B58]). Given this pathophysiological mechanism, ABPA could be considered an allergic endotype.

Conclusion {#S4}
==========

We are entering an era where precision medicine is gaining considerable ground, especially where complex diseases come into play. These diseases ideally exemplified by asthma had been tackled for decades with a one-suits-all management, only to be noted now that this approach leaves much to be desired in terms of efficacy, in a large portion of patients. This group that fails to respond to the conventional standardized approach accounts for more than 50% of asthma-related health-care utilization and is at increased risk of death due to asthma ([@B7]). Therefore, it is imperative that such patients who may benefit from a more personalized therapeutic approach are recognized ([@B22]).

In this context, categorization of patients *via* the use of endotypes, phenotypes, and distinct biomarkers will replace the rough cut "one-size-fits-all" approach. From this viewpoint, we feel that the current view of the allergy/asthma link is too generalized. Asthma, as discussed above, is indeed linked to allergy from a broad perspective and especially in the pediatric age, but such oversimplifications do not appear to further serve us. Asthma has a huge heterogeneity due to individual genetic and epigenetic variability and discrete environmental exposures, which are dependent on regional characteristics, varying climatic conditions, and population distributions ([@B7]). This complexity is further increased when looking at the highly variable severity of the symptoms, which has in fact been used as a criterion for further subphenotyping of asthma (severe, mild, treatment resistant, etc). Different patients can have differing disease severities, even within the same endotype ([@B2]), wherein treatment response can also vary greatly, e.g., in allergic asthma response to medication can be influenced by both the degree of allergic reactivity and allergen exposure, and their complex interactions ([@B2]).

All this evidence suggests that sweeping generalizations in regard to the asthma/atopy link are probably inappropriate, as "In asthma we must embrace the concept of a complex endotype consisting of several sub-endotypes" ([@B10]). In conclusion, in this "basket," that is asthma, there are several "eggs" of atopy, but a closer look will reveal several other eggs that we have yet to identify.
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